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1. INTRODUCTION 

Because of fast populace development and expanding interest for energy, the pattern is towards new 
and sustainable power sources, for example, sun oriented, wind, and hydrogen. It explores the reasons for a 
procedure that utilizations sustainable power sources, for example, sun-oriented forceand wind ability to 
create power and hydrogen. A BLDC drive is characterized as a sort of self-simultaneous rotating motor 
constrained by an electronic suburbanite instead of DC motors with a mechanical commutator [1], [2]. So, 
brushless direct current (BLDC) motors don't have brushes, however DC motors had brushes. Because 
BLDC motors are brushless, their life can be increased and maintenance operations avoided. The 
construction of the BLDC motor is like a permanent magnet synchronous motor (PMSM) [3]-[6]. Three 
phase induction motor runs with newly developed power cable model and analysis the cable behavior [7], [8]. 
Accordingly, in this study proposed renewable energy sources which includes PV, battery, and proton 
exchange membrane fuel cell (PEMFC) power supply are used as power supply for BLDC motor. In order to 
enhance the pulse width modulation (PWM) method, the metaheuristic methods are the most recent 
advancement [9], [10]. 
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2. PROPOSED METHOD 

Figure 1 shows the control structure of BLDC motor for speed and torque regulation. The hybrid 
renewable energy which includes PV, FC, and energy storage system is used as an input supply for the 
proposed system. The speed regulation is equipped with the speed controller (fractional order proportional— 
integral—derivative (FOPID) based mayfly optimization algorithm (MOA)) to evaluate the reference BLDC 
motor speed in accordance with speed error. On the basis of distortion error, the optimal gain tuning 
controller (FOPID based MOA) is designed and their corresponding control signals are determined. The 
modified single-ended primary-inductor converter (SEPIC) converter is used to achieve torque ripple 
reduction with high efficiency and good regulation under different load conditions. 


Modified SEPIC converter 


Eab 

regulation Rotor Back 
position emf 

Torque detection estimator 


estimator 


Figure 1. Proposed control structure of BLDC motor drive 


2.1. Photovoltaic systems 

Photovoltaic systems (PVS) convert light energy into electricity to generate electricity. The diode 
model consists of a power supply; a parallel diode with two resistors is to represent each photovoltaic (PV) 
panel. In PVS, a DC/DC converter is included in the maximum power point tracker (MPPT) controller. 
MPPT controllers are used to achieve maximum performance under normal radiation conditions [11]-[13]. 
PV system's output performance depends on solar irradiation and temperature. MPPT is the most effective 
solution to extract the maximum power from the PV system [14]. The MPPT controller activates the duty 
cycle of the frequency converter to increase the MPP voltage (minimum power point) [15]. 


2.2. Fuel cell system 

Renewable energy fuel cells use energy from energy sources; recommended for its advantages such 
as zero emission, higher energy power than wind, and other renewable energy systems [16]. Proton exchange 
membrane fuel cell (PEMFC) due to its unique properties and overall fuel economy proves to be a promising 
component of hybrid systems. PEMFC has a very low temperature with high power. The PMFC uses 
hydrogen to produce electricity in an electrochemical reaction using hydrogen and oxygen, where its only by- 
product is water, and therefore its emission. 


2.3. Energy storage system 

Storage systems are required for renewable energies because there is not enough PV to support the 
load. A rechargeable battery is used to store excess energy in chemical form. The purpose is that the energy 
demand meets the load requirement when no generating capacity is available. The battery life is calculated in 
the terms of state of charge (SOC). 


2.4. Design of BLDC motor 


The BLDC motor is electronically commutated DC motor with stator and rotor along rings that are 
around the stator posts and connected with fully inverted assemblies to frame the motor stages. The rotating 
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part of BLDC motor is rotor and the stationary part is stator [17]. The permanent magnets are fixed in the 
rotor and moves electromagnets to stator. The output voltage of the BLDC motor is described in (1)-(3). 


DA 
Ay = Arı + AL(0, Ar) 5r tAr (1) 
DB, 
By = BpB, + B, (0, B;) Be + Bg (2) 
ÖC] 
Cy = CRC; + CL (0, C5, t Ce (3) 


Where, ABCy and ABC; are the three-phase input voltages and BLDC variable speed drive currents. The 
resistances and inductances of the three phases are represented as ABCp and ABC,,@ represents the position 
of rotor angle and back electromagnetic fields (EMFs) of the BLDC motor is represented as AB Cg. 


2.5. Design of speed controller 
The speed controller design and demonstrate the exchanging capacity of a FOPID speed regulator 
which is communicated in (4). 


+s AK; see on 
Gs(s) = Aes(s) x [Akos + S8+ Ass" | (4) 
Where, Gs(s) is the FOPID output speed; Aes(s) is the speed error; AKps, AKis, AKas, A and ji are the 
parameters of FOPID controller. 


2.6. Design of current controller 

Each current control loop has a corresponding controller configuration which includes a FOPID 
current controller and a PWM controller. The switching function of an actual FOPID controller is generally 
expressed in parallel according to (5): 


Gels) = de;(s) x [AK,. + GE + ARas"| (5) 


where, G(s) is FOPID output current; Ae;(s) is the current error; AK e, 4K,,, AKac, A, and ji are the 


per 
parameters of FOPID controller. 


2.7. Design of modified SEPIC converter 

The modified SEPIC converter design is type of DC-DC converter whose output voltage is greater 
than, less than, or equal to input. The output of modified SEPIC converter is controlled by the duty cycle of 
the transistor [18]. The SEPIC converter operates in two modes, mode IJ-continuous conduction mode (CCM) 
and mode II-discontinuous conduction mode (DCM) that is used to control the intermediate circuit voltage. 

The proposed SEPIC converter is the combination of three semiconductors switches (S1, S2, and S3), two 

capacitors (C1, C2) and two inductors (Li, L2). Mode of operation: 

a. Mode I: Figure 2(a) shows mode I of an altered modified SEPIC converter fed to BLDC motor. The 
switch S, is turned on and the switches S, — S are turned-off during this mode of operation. The 
inductors L4 and L, store energy with the voltage V, applied to the inductor L, and the voltage 
Veo — Vcı = V2 applied to the inductor L3. 

b. Mode II: Figure 2(b) shows mode II of an altered modified SEPIC converter fed to BLDC motor. The 
switch S,is off and the switches S, —S3 turned-on. During this phase, energy is transferred from 
inductors L, and L, to capacitors. The voltage applied to the inductors is —(Vez — V1) = (V, — Vez) for Ly 
and —(V2 — Vez) = Vez — V2) for Lo. 


Figure 2. Operating modes of modified SEPIC converter (a) mode I and (b) mode II 
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3. PREDICTION OF GAIN PARAMETERS BASED ON PROPOSED MULTI-OBJECTIVE MOA 
ALGORITHM 

The MOA is a hybrid algorithm of particle swarm organizationand differential evolution algorithm. 
The hybrid optimization algorithm solves optimization problem. They are integrated to overcome the 
drawbacks of PSO and moth flame algorithm (MFA) [19]. Moth-flame optimization (MFO) algorithm is a 
nature inspired metaheuristic basedmovement of moths in the environment known which is known as 
transverse orientation [20], [21]. It is a metaheuristic optimization algorithm based on the flight behavior of 
adult mayflies, including hybrids, mutations, group gatherings, nuptial dances, and occasional walks [22], 
[23]. After hatching, an immature mayfly become visible to the naked eye and grows as aquatic nymphs for 
several years before they become adult. An adult fly only lives for a few days until it reaches its breeding 
goal. To attract women, most adult male gather in groups a few feet above the water and perform nuptial 
dance in the pattern of up and down [24], [25]. Female mayfly goes to these male to mate in air. This process 
may take a few seconds. The eggs are then thrown into the water and the cycle continues. In the proposed 
scheme, the implementation of the MOA algorithm leads to the optimization of control parameters in the 
BLDC motor drive system [26]-[28]. The initial values of Kp, Ki, and Kd of the fractional order of 
differentiator and integrator terms are drawn from MFO algorithm [29]. 


Steps involved in multi-objective MOA 


Step_1: Objective function f(x) where x= (xl, x2, xd) T 


Step 2: Initialization of male may fly population xk where k= 1,2, -N) and velocities 
vmk. 

Step 3: Initialization of female may fly population yk where k= 1,2, -N) and velocities 
vfk. 

Step 4: Evaluate the solutions of defined objective function. 

Step 5: Store the no dominated solutions found in exterior depository. 

Step_6: Sort the mayflies 

Step_7: Do while stopping if criteria are not met 


Step 8: Update position and velocities of male and female mayflies 
Step_9: Evaluate solutions 

Step_10: If a new mayfly dominates its personal best 

Step_11: Replace personal best with new solution 

Step 12: If none dominates the other 

Step_1: The new solution has 50% chance to replace personal best 


Step_13: Rank mayflies 

Step_14: Mate mayflies 

Step_15: Evaluate offspring 

Step_16: Categorize offspring randomly to male and female 
Step 17: If offspring dominates same gender parent 


Step_18: Replace parent with an offspring 
Step_19: Enter all the no dominated solutions found in exterior depository 
Step_20: Sort the no dominated solutions and replace the depository if needed 
Step 21: End while 


4. RESULTS AND DISCUSSION 

The proposed method helps in reducing the torque ripple of the BLDC motor with hybrid renewable 
energy storage system and its performance is analyzed and compared with existing methods. The proposed 
technique is carried out in MATLAB/Simulink (R2018a) platform and in the experimental setup. Here, speed and 
current control of the BLDC motor have been performed by the proposed optimized FOPID controller. The 
proposed FOPID controller using MOA optimization technique based on the multi-objective function controls the 
BLDC motor in the vehicle system. The effectiveness of the proposed control method is analyzed by comparing it 
with the conventional methods such as MFA and particle swarm optimization algorithm (PSO). Figure 3 shows the 
simulation of BLDC motor drive with renewable energy sources in MATLAB/Simulink. 


4.1. Performance analysis 

The BLDC motor is tested under following two modes and the performance of the proposed 
controller is verified. 
a. Mode I: the PV, fuel cell, and battery source is kept at constant and load is varied 

The BLDC motor speed is controlled based on the motor input parameters such as EMF and current. 
The torque based on the input current and the back EMF is described in Figure 4(a) and Figure 4(b) 
respectively. The BLDC motor input current and the emf is varied up to timeframe of 0.5 seconds, after 
which the current and emf is constant. 

Figures 5(a) to (c) shows the converter output, torque and speed of proposed methodology and 
existing methodology respectively. This comparison figure shows that the proposed method take less settling 
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time and torque ripple is reduced up to 4.75% compared to MFA and PSO algorithm whose torque ripples as 
6.45% and 9.32% respectively. 


FOPID Controller 


Photovoltaic System 


SEPIC Converter Three phase Inverter 
Fuel Cell Ssytem 


Battery Energy System 


Figure 3. MATLAB/Simulink structure of BLDC motor drive with controller 


8 


Stator Current(ia} 
> 


0 0.2 0.4 0.6 0.8 1 1.2 
Time(sec) 
E 
€ 
g 
5 
[6] 
5 
Fr s N 
0 0.2 04 0.6 0.8 1 1.2 
Time(sec) 
T 10 TE a j RE o 
E 
g 
3 0 
5 
T -10 
a 
0 0.2 04 0.6 0.8 1 Re 
Time(sec) 
(a) 
u 
= 
w 
Š% 
a 
5 
8 
ex 


Time(sec) 


Stator back EMF 
i=} 


Stator back EMF 


Time(sec) 


(b) 


Figure 4. Output of parameters (a) stator current (ia, ib, ic) and (b) back EMF (ea, eb, ec) in mode I 
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Figure 5. Comparative analysis of (a) converter output, (b) torque, and (c) speed of proposed and existing 
method—mode I 


Figure 6 shows the energy generated by renewable energy sources. The maximum power of PVS is 
10 KW. The output power of the FCS is 2KW and total required power output is 12KW at 0-1.2 seconds. 
Based on the result analysis, the proposed system meets the required demand. 
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Figure 6. Comparative analysis of generated power in mode I 


b. Mode II: the PV, fuel cell, and battery source is varied and load is kept constant 

In this mode II analysis, the load is kept constant and renewable energy sources are varied. In 
Figure 7, the torque is estimated at 17 Nm and reference speed is 300 rad/s. Based on the speed of the motor, 
the input current and back determined in mode I. The converter output, speed and torque of the proposed 
BLDC motor with renewable energy source is evaluated and analyzed with existing techniques. Figure 7(a) 
shows the performance analysis of converter voltage. The comparative analysis of the torque with the 
existing methods is determined in Figure 7(b). In this waveform from time period 0.7 sec to 0.9 sec 
disturbances have occurred, after which the torque reaches reference torque and based on the oscillation the 
proposed MOA is better than the existing methods such as MFA and PSO. Figure 7(c) analyses the speed 
performance of the proposed method which is superior to that of the existing methods like MFA and PSO 
algorithm. The proposed method has rise time 0.025 sec, settling time 0.05 sec, and there is no peak 
overshoot. The MFA and PSO algorithm have the settling time as 0.525 sec and 0.538 sec respectively. 
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Figure 7. Comparative analysis of (a) converter output (b) torque, and (c) speed of proposed and 
existingmethod—mode IT 


Figure 8 shows the generated power of renewable energy hybrid power system. The load demand is 
met by the generated power of PVS, FCS and energy storage system with the help of the FOPID and MOA 
optimization technique. The total required demand is 12KW, the PV generated power is 10 KW and the fuel 
cell generated power is 2 KW. The energy storage system is charging at 0.3-0.6 sec. The required power 
demand is compensated with the PV, fuel cell system and energy storage system. 
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Figure 8. Comparative analysis of generated power in mode II 


4.2. Experimental results 

This section presents the experimental results to establish the connections and to demonstrate the 
advantages of the BLDC-based PVC, FCS, and energy storage system based converter. The 3 KW PV test 
platform contains 24 PV modules. Each PV module has a maximum power of 121 W and a maximum power 
point voltage of 27 V (25 °C, 1000 W/m?) under standard voltage conditions. In this experimental setup, a 
BLDC motor based on renewable energy was designed based on solar radiation and ambient temperature 
profiles. Along with the PV, the system has integrated control between the fuel cell and the energy storage 
system. The experimental setup installation is shown in Figure 9. Figures 10(a) to (d) shows the converter 
output voltage, stator current, speed and torque of BLDC motor respectively. The experimental output of PV 
voltage, fuel cell voltage, and battery voltage in renewable energy sources is shown in Figures 11(a) to (c) 
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respectively. Thus, the experimental results also verify the effectiveness of the modified SEPIC converter 
based FOPID control strategy. 


Proposed SEPIC 
converter 


BLDC 
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Figure 10. Experimental results of (a) converter output voltage (b) stator current (c) speed and (d) torque in 
BLDC motor drive 


Figure 11. Experimental results of (a) PV voltage, (b) fuel cell voltage, and (c) battery voltage 
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5. CONCLUSION 

This article presents a hybrid renewable energy source for a BLDC motor as a power source and 
proposes an advanced FOPID controller to control the BLDC motor speed and current. The proposed 
controller is based on the MOA approach and works on the MATLAB/Simulink platform and experimental 
setup. The proposed MOA is evaluated to optimize the improved gain parameters of the FOPID controller. 
The performance analysis of the proposed system parameters such as converter voltage, speed, current, and 
torque ripples is determined. From the achievable results, the proposed MOA with FOPID controller-based 
modified SEPIC converter provides the best solution for the BLDC motor with REHPS to reduce torque 
ripple and provides a better current profile compared to the existing methods. With optimal design 
parameters, the BLDC motor with REHPS achieves a torque of 4.75% which is a significant improvement 
over the existing methodologies. 
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